
PRO-GRACE
PROMOTING A PLANT GENETIC 
RESOURCE COMMUNITY FOR EUROPE

Demonstration of DNA barcoding, 
reduced representation 
sequencing/resequencing and
cytogenomic methods and services

DELIVERABLE 3.2

This deliverable has been submitted and is currently pending approval by 
the European Commission.





























































PRO-GRACE	(101094738)	 																																																																																																										
	

[30]	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Flow cytometric estimation of nuclear DNA content. 

 
Ploidy is determined by comparing the positions of G1-phase nuclei from the unknown sample to 
those of a reference standard (belonging to the same species) with known ploidy. This method is 
widely used in plant systematics, population biology, and plant breeding, as it provides a quick 
and accurate assessment of ploidy levels in individual accessions (Loureiro et al., 2023). For 
example, the method was instrumental to characterize ploidy of all accessions of banana (Musa 
spp.) maintained in global gene bank (International Musa Germplasm Transit Centre in Leuven, 
Belgium) (Christelová et al., 2017), (Figure 16). Under certain conditions, flow cytometry can also 
be used to identify interspecific hybrids and even aneuploids (Roux et al., 2003). 
 

 
 

 
 
 
 
 

 
 

 
 

 
 
Figure 16: Characterization of ploidy of banana (Musa spp.) accessions maintained in global gene bank (Bioversity 
International Musa Germplasm Transit Centre, Leuven, Belgium). 
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Flow cytometry can also be used to estimate genome size in absolute units, such as picograms of 
DNA or megabase pairs (Mbp) (Doležel and Bartoš, 2005). The sample preparation is similar to 
that used for ploidy determination, but the fluorochromes selected for staining nuclear DNA—
such as ethidium bromide or propidium iodide—should not exhibit a preference for AT or GC base 
pairs. To enhance accuracy, the nuclei of both the unknown sample and the reference standard 
are isolated, stained, and analysed simultaneously, enabling internal standardization (Doležel et 
al., 1994), (Figure 17). Genome size is determined by comparing the positions of G1-phase nuclei 
from the unknown sample to those of a reference standard with a known genome size. A set of 
reference standards is available from the Centre of Plant Structural and Functional Genomics of 
the Institute of Experimental Botany, Olomouc (Czech Republic), facilitating comparison of 
genome size estimations obtained in different laboratories (Doležel et al., 2007). 
 

 

 

 

 

 

 

 

 

 

Figure 17: Flow cytometric estimation of nuclear genome size of banana (Musa spp.) in absolute units. 

Molecular cytogenetics 

Molecular cytogenetics integrates traditional cytogenetics—focused on the study of 
chromosomes and their structures—with molecular biology techniques to analyse and 
understand genetic material at the molecular level. This field enhances our understanding of the 
relationship between chromosome structure and genetic function, primarily through the use of 
fluorescence in situ hybridization (FISH) with fluorescently labelled DNA probes (Jiang, 2019). In 
this process, fluorescent signals are observed using fluorescence microscopy. Depending on the 
type of DNA probes used, FISH can identify individual chromosomes within a karyotype, 
distinguish chromosome arms, pinpoint specific chromosomal regions, or even locate single genes 
based on unique labelling patterns (Figure 18). 

Initially, a variety of probes derived from repetitive DNA sequences limited the capabilities of 
FISH. However, advancements in methodology now allow for the identification of individual 
genes, and the development of oligonucleotide painting has further enhanced our ability to 
visualize specific chromosomes or regions (Harun et al., 2023). This method employs short 
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synthetic DNA sequences labelled with fluorescent dyes and, among other, has been used to 
reveal striking variation in chromosome structure within the accessions maintained in banana 
(Musa) global gene bank (International Musa Germplasm Transit Centre in Leuven, Belgium) 
(Beránková et al., 2024).  

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 18. Principle of fluorescence in situ hybridization (FISH). 

 
Genomic in situ hybridization (GISH) is a modification of FISH, utilizing labelled genomic DNA as 
probes. This technique enables researchers to distinguish chromosomes from different parents 
or genomes in interspecific or intergeneric hybrids and allopolyploids (Silva and Souza, 2013). 
Thus, Kopecký et al. (2006; 2017) used GISH to characterize genetic diversity in Festulolium 
(Festuca x Lolium), determine genetic constitution and identify homoeologous recombinations. 

In summary, the applications of molecular cytogenetics are extensive, including the identification 
of chromosomal structures and their arrangements, as well as detecting changes such as 
deletions, duplications, or translocations. It has also been instrumental in locating specific genes 
on chromosomes, analysing genomic stability, and exploring evolutionary relationships between 
species. Other important methods of cytogenomics include ATAC-Seq and ChIP-seq. While ATAC-
Seq identifies regions of open chromatin, which are accessible to transcription factors and other 
regulatory proteins, ChIP-Seq is used to map the binding sites of these proteins on the DNA. 
Together, these methods offer a detailed view of the regulatory landscape of the genome, helping 
researchers understand the complex interactions that govern gene expression. The integration of 
cytogenomic data with genomic and transcriptomic data provides a comprehensive 
understanding of genome function. 
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Case study: Characterization of banana accessions stored in the global Musa gene bank 

To demonstrate the usefulness of cytogenomics to characterize plant genetic resources, a set of 
125 new banana accessions introduced to the Musa gene bank was selected. A global Musa gene 
bank, the International Musa Germplasm Transit Centre (ITC) in Leuven, Belgium, plays a vital role 
in safeguarding the genetic diversity of one of the world’s most important staple and cash crops. 
Bananas are highly vulnerable to pests, diseases, and climate change, largely because most 
commercial varieties are clonally propagated and genetically uniform. By conserving a wide range 
of wild species and traditional cultivars, the gene bank provides essential genetic resources for 
breeding resilient, high-yielding, and climate-adapted bananas. This invaluable reservoir ensures 
that future generations can continue to depend on bananas for food security, livelihoods, and 
economic stability worldwide. 

Bananas (Musa spp.) and their two related genera, Ensete and Musella, belong to the family 
Musaceae. The primary centre of diversity is located in Southeast Asia. Most edible banana 
cultivars originated from interspecific or intersubspecific crosses between M. balbisiana (B 
genome, 2n = 2x = 22) and several subspecies of M. acuminata (A genome, 2n = 2x = 22). Other 
edible bananas derive from different Musa species related to M. textilis (2n = 2x = 20) or M. 
schizocarpa (2n = 2x = 22). Hybridization between the A and B genomes gave rise to edible diploid 
and triploid cultivars, which are almost completely sterile and highly susceptible to many diseases 
and disorders. The sterility of edible clones, combined with their unclear genetics and 
evolutionary history, complicates breeding efforts. Therefore, it is essential to characterize the 
genetic diversity and variability of both wild diploid and edible banana accessions stored in the 
Musa gene bank, which provides individual accessions to breeders. 

The International Musa Germplasm Transit Centre currently holds more than 1,700 accessions of 
edible and wild banana species. Originally, the accessions introduced to the gene bank have been 
classified primarily using morpho-taxonomic markers. However, this approach was not found 
reliable, as a study of Christelová et al.(2017) revealed mislabelling of 22 accessions. These 
findings highlighted the need for more precise characterization of all newly added material. 
Consequently, each new accession is now analysed for ploidy and genotyped using DNA markers. 
Ploidy is determined using flow cytometry, a fast and accurate method that does not require 
actively dividing (mitotic) cells. All measurements are performed together with a consistent 
internal standard, allowing direct comparison with previously analysed accessions. Genotyping is 
conducted using a defined set of 19 microsatellite (SSR) markers (Christelová et al., 2011; 
Christelová et al., 2017). The combination of ploidy estimation and SSR genotyping provides 
detailed insight into the genetic background of each accession. This enables accurate 
identification of species, subspecies, and groups or types of edible banana clones, thereby 
preventing misclassification and delivering essential information for all gene bank users. 

In specific cases, for gene bank accessions used in breeding programs, flow cytometric analysis 
and SSR genotyping are complemented by karyotype analysis using FISH with chromosome-
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specific painting probes. This approach provides detailed information on chromosome 
organization and allows the detection of large chromosomal translocations (Šimoníková et al., 
2019; Šimoníková et al., 2020; Beránková et al., 2024). 

Due to the seed sterility of most edible banana clones and the low germination rates observed in 
some wild species, the International Musa Germplasm Transit Centre maintains all accessions as 
in vitro plants. These are kept under slow-growth conditions and periodically transferred to fresh 
media to ensure long-term preservation. For genetic characterization of newly introduced 
accessions, samples from five randomly selected plants were analysed for each accession. This 
approach proved useful for detecting accessions containing multiple genotypes, most likely due 
to human error during the introduction into culture. 

The genetic characterization began with ploidy estimation using flow cytometry following a well-
established protocol (Doležel et al., 2007). This technique is particularly advantageous for in vitro-
grown plantlets, which are small and provide only a limited amount of leaf tissue—yet sufficient 
to prepare high-quality samples. Crude suspensions of isolated nuclei were supplemented with 
chicken red blood cell (CRBC) nuclei, serving as an internal reference standard (Roux et al., 2003; 
Christelová et al., 2017). The advantage of this standardization is that CRBC nuclei can be prepared 
in large quantities, allowing all Musa samples to be analysed against the same reference. Ploidy 
was then determined based on the DNA peak ratios of Musa and CRBC nuclei (Figure 19 A,B). 

Of the 125 accessions analysed (625 plantlets in total), 16 had a ploidy level different from that 
expected based on morpho-taxonomic identification. In 10 accessions, ploidy was estimated for 
the first time. In four accessions, at least one of the five plantlets displayed mixoploidy (Figure 19 
C,D). 

Following the flow cytometric analysis, the new accessions were genotyped using a set of 
microsatellite (SSR) markers as described in Christelová et al. (2011; 2017). Briefly, genomic DNA 
was extracted from leaf tissue and used for PCR amplification and fragment analysis. A total of 19 
SSR loci were amplified with locus-specific primers modified by 5´-M13 tails to enable the use of 
a universal fluorescently labelled primer. Four distinct fluorophores were employed for primer 
labelling, allowing subsequent multiplexing of PCR reactions. To improve allele binning accuracy, 
three independent PCR reactions were performed for each sample.  

PCR products were purified and used for capillary electrophoresis. Optimized amounts of 
amplification products were combined with an internal size standard and loaded onto an ABI 
3730xl DNA Analyzer equipped with a 96-capillary array. To reduce costs and increase throughput, 
samples were multiplexed in the second and third electrophoretic runs. Up to four-fold 
multiplexing was achieved by combining PCR products labelled with different fluorescent dyes 
into a single injection. 
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Figure 19: Histograms of relative nuclear DNA content obtained after simultaneous flow cytometric analysis of DAPI-
stained nuclei isolated from fresh leaf tissues of Musa and chicken red blood cell nuclei (CRBC), which served as an 
internal reference standard. G1 peaks of CRBC were positioned on channel 100, peaks appearing on channels 200 and 
300 correspond to doublets and triplets of CRBC nuclei. Ploidy of Musa accessions was determined based on the ratio 
of G1 peak positions (Musa : CRBC), knowing that in diploid, triploid and tetraploid plants, the ratio is ⁓ 0.5, 0.75 and 
1 respectively. (A) Diploid accession M. acuminata (ITC1865); the ratio of G1 peak means was 0.53. (B) Triploid accession 
Vietnam no.5 (ITC1251); the ratio of G1 peak means was 0.77. (C) Tetraploid M. acuminata x M. schizocarpa cultivar 
(ITC1909); the ratio of G1 peak means was 1.18. (D) Mixoploid plant of M. acuminata x M. schizocarpa cultivar (ITC1909) 
with diploid and tetraploid nuclei; the ratio of G1 peak means was 0.59 and 1.18 respectively. 

Alleles were automatically called using GeneMarker software and manually verified. The SSR 
profiles of the newly analysed accessions were integrated into the binary SSR dataset (Christelová 
et al., 2017) and analysed jointly. Genetic similarity matrices were calculated using Nei’s genetic 
distance coefficient and dendrogram was constructed based on the results of UPGMA analysis 
implemented in DARwin software v6.0.021 (Perrier and Jacquemoud-Collet, 2006) and visualized 
in FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/) (Figure 20). This enabled taxonomic 
classification of previously unidentified accessions (Table 1). 
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Figure 20. UPGMA dendrogram constructed based on SSR data of 125 newly analysed accessions (in colours) and 
dataset obtained by Christelová et al. (2017). 
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Table 1. Summary of flow cytometry and SSR genotyping results for 125 new Musa accessions introduced to the 
International Musa Germplasm Transit Centre (ITC) 

ITC code Accession name Expected ploidy 
based on 
classification 

Ploidy 
estimated by 
flow cytometry 

SSR clustering 

0028 Nazika 3x 3x AAB Plantains 
0107 Figue Sucrée 2x 2x AA cv. Sucrier (AA cv. ISEA 2) 
0127 Kamaramasenge 3x 3x AAB Silk 
0280 Rajapuri India 3x 3x AAB Pome 
0462 Monjet 2x 4x AA cv. banksii sensu lato 
0516 Eberedia Ukom 3x 2x AA cv. banksii sensu lato 
0517 Orishele 3x 2x AA cv. banksii sensu lato 
0668 Pa (Musore) no.2 2x 2x M. acuminata 
0694 Pisang Jambe 4x 3x AA cv. IndonTriPh 
0901 Tangtang 3x 3x closely related to AAB/Iholena 
0948 Wan 2x 3x AAA Rio/Ambon 
1007 Moruah - 3x closely related to AAB/Iholena 
1012 Tango 2x 2x AA cv. banksii derivatives 
1172 Mai'a hapai 2x 2x AA cv. Sucrier (AA cv. ISEA 2) 
1188 Tapo 2x 2x; one 

mixoploid plant 
AS cv. 

1251 Vietnam no.5 3x 3x AAA Cavendish 
1264 FHIA-17 4x 4x AAA Gros Michel – connected 
1301 THAP MAEO 3x 3x clusters together with AAB/Mysore 
1445 Hot Rung 2x 2x clusters together with BB/M. 

balbisiana  
1461 Ntebwa 3x 3x AAA Lujugira/Mutika 
1471 Zanzebar 3x 3x clusters together with Cavendish 
1477 IBP 14-23 4x 4x AAB Plantains 
1479 IBP 5-B 3x 3x AAA Gros Michel 
1850 Musa balbisiana var. 

liukiuensis 
2x 2x M. balbisiana 

1860 Muku Wahtu 2x 2x AA cv. IndonTriNG 
1861 Maboto 3x 3x clusters together with 

AAB/Plantain.  
1862 Mogbokuma 3x 3x AAB Plantains 
1863 Wilingwa 3x 3x AAB Plantains 
1864 Libod 2x 2x clusters together with AA cv.  
1865 Tako Api 2x 2x AA cv. IndonTriNG 
1866 Edible acuminata 2x 2x AA cv. P. Tongat/AA cv. IndonTriNG 
1867 Atili 3x Mixoploid 

plants 
AAB Plantains 

1868 Pinang 3x 3x AA cv. ISEA 2 
1869 Roa Besar 2x 2x AA cv. ISEA 2/IndonTriNG 
1870 Boki 2x 2x AA cv. banksii sensu lato 
1872 Mora - 3x subclade with close connection to 

P. Jari Buaya and AAA 
Lujugira/Mutika 

1873 Koi Batu 2x 2x Indonesian AA cv. 
1874 Sangate - 3x subclade with close connection to 

P. Jari Buaya and AAA 
Lujugira/Mutika 

1876 Wild acuminata 2x 2x clusters together with AA/banksii 
(Hawain accessions) 

1877 Mas Manado 2x 2x ISEA 1 / connected to AAA Ibota 
1878 Koi Putih 2x 2x Indonesian AA cv. 
1879 Goba 2x 3x AAA Rio/Ambon 
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1880 Mu'u Pundi 2x 2x plantain-linked 
1881 Flower banana - 2x AS cv.  
1882 Baby banana 2x 2x AA cv. banksii derivatives 
1883 Tobaung 2x 2x AA cv. banksii (derivates and sensu 

lato) 
1884 KP 04 2x 2x AA cv. IndonTriNG 
1885 Navente 1 3x 3x closely related to AAB/Iholena 
1886 Musa acuminata ssp. 

malaccensis 
2x 2x M. acuminata ssp. malaccensis 

1887 Musa acuminata 
malaccencis 

2x 2x M. acuminata ssp. malaccensis 

1888 Musa velutina 2x 2x; one 
mixoploid plant 

Rhodochlamys/M. velutina 

1890 Trumay 2x 3x AAB Iholena (plantain linked) 
1891 Djum Metek 2x 2x AA cv. IndonTriNG 
1892 Yangambi KM 5 3x 3x AAA Ibota 
1895 Musa velutina 2x 2x Rhodochlamys/M. velutina 
1896 Leese 3x 3x AAB Plantains 
1897 Duma 2x 2x AA cv. banksii derivatives 
1898 Navente 2 3x 3x closely related to AAB/Iholena 
1899 Tamoa - 3x AAA Cavendish 
1900 unknown 2x 3x connected to AA cv. banksii sensu 

lato/M. ac. ssp. banksii 
1901 Nape"e 2x 2x clusters together with AA cv.  
1902 Banawa 2x 3x AA cv. banksii (derivates and sensu 

lato) 
1903 Toitoi - 3x clusters together with AA X SS 

hybrids 
1904 Nesuri 2x 2x AA cv. banksii derivatives 
1905 Mopere 2x 2x AA cv. banksii derivatives 
1906 Kibirori 3x 3x AAB Iholena (plantain linked) 
1907 Navotavu 2x 2x AA cv. banksii derivatives 
1908 Australia 3x 3x AAB Maia Maoli/Popoulu 
1909 Glenda Red - 4x; four 

mixoploid 
plants 

AS cv. 

1910 Arawa 2x 3x AAB plantain-linked 
1911 A0 157 3x 3x AAA Ibota 
1912 Musa ornata 2x 2x M. ornata 
1913 Talasea 2x 2x AA cv. banksii derivatives 
1914 Kourai 2x 2x clusters together with M. 

troglodytarum  
1915 Tambra 2x 2x AA cv. banksii sensu lato 
1916 Unknown 2x 2x closest accession: 

ITC0373_Uwati/AA cv. 
1917 Laloki Red 3x 3x AAB Iholena (plantain linked) 
1918 Itonia 2x 2x AA cv. banksii sensu lato 
1919 PosoHuhu 2x 2x clusters together with AA cv.  
1920 Kalmagol 4x 3x subclade with close connection to 

P. Jari Buaya and AAA 
Lujugira/Mutika 

1921 Bubun 3x 3x AAB Iholena (plantain linked) 
1922 Sausage banana - 2x AA cv. banksii (derivates and sensu 

lato) 
1923 Fly River Kalapua 3x 3x closely retabed to AAB/Kalapua  
1924 Kurisa No. 2 2x 2x AA cv. banksii sensu lato 
1925 Waga 2x 3x closest accession: 

ITC0299_Guyod/AAcv. 
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1926 Garoto 3x 3x closely related to AAB/Kalapua  
1927 Mark Markila 3x 3x closely related to AAB/Kalapua  
1928 Karau 2 2x 2x clusters together with AA cv.  
1929 Seven kina 2x 3x closely related to Lujugira/Mutika 
1930 Sinsiruai 2x 2x AA cv. banksii derivatives 
1932 Glenda's Dwarf 2x 2x AA cv. banksii (derivates and sensu 

lato) 
1933 Kaesi 2x 2x AA cv. banksii sensu lato 
1934 Sepik 3x 4x AAB Silk 
1935 Korukapi 3x 3x AA cv. banksii derivatives 
1936 N/A 3x 3x AAB Maia Maoli/Popoulu 
1937 Gana Auf 3x 3x closely retabed to AAB/Kalapua  
1938 GanaSumpu 3x 3x AAB plantain-linked (Kalapua) 
1939 Porp 4x 4x clusters together with AAB/Silk 
1940 Fagamutum 3x 3x AAB Iholena (plantain linked) 
1944 Mero mero 2x 2x AA cv. banksii derivatives 
1945 Nono ( Red Variety) - 4x AS cv.  
1946 Korai 2 - 2x clusters together with Fe’i 
1947 Seseve 2x 2x AA cv. banksii derivatives 
1948 Limot 2x 2x Australimusa/Fe'i 
1949 Small Kalapua 3x 3x AAB plantain-linked (Kalapua) 
1950 Sepik Red 3x 3x AAB Iholena (plantain linked) 
1953 Goroho Merah 3x 3x AAA Rio/Ambon 
1954 Nono 3x 2x AA cv. banksii (derivates and sensu 

lato) 
1955 Titikaveka Red 3x 3x AAB Mysore 
1956 Utu Tekou1 2x 2x clusters with M. troglodytarum  
1957 Aumarei 3x 3x AAB Maia Maoli/Popoulu 
1958 Torotea 3x 3x AAB Maia Maoli/Popoulu 
1959 Mani'i 3x 3x AAB Maia Maoli/Popoulu 
1960 Ve"I Ooka 2x 2x clusters with M. troglodytarum  
1961 Puakatoro 3x 3x AAB Plantains 
1962 Puakanio 3x 3x AAB Plantains 
1963 Akamou 3x 3x AAB Maia Maoli/Popoulu 
1964 Mao'i Atetu 3x 3x AAB Maia Maoli/Popoulu 
1965 Ta'anga 3x 3x AAB Maia Maoli/Popoulu 
1968 KaLua 3x 3x AAB Plantains 
1969 Fa"iSoa"a 2x 2x clusters with M. troglodytarum  
1970 Fa''i Samoa Au 

Lapopoa 
3x 3x AAB Maia Maoli/Popoulu 

1971 Fa'i Samoa Pupuka 3x 3x AAB Maia Maoli/Popoulu 
1972 Fa'i Samoa Aumalie 3x 3x AAB Maia Maoli/Popoulu 
1973 Fa'iFiaMisiluki 2x 3x AAA Ibota 

In several cases, the classification of newly introduced accessions based on SSR genotyping did 
not match the genomic constitution information available at the time of their introduction into 
the gene bank. To resolve such discrepancies, karyotype analysis was employed. For instance, SSR 
genotyping of the accession ‘Zanzebar’ (ITC 1471)—originally described as a triploid clone with an 
AAB genome belonging to the Plantain subgroup—placed it instead among accessions of the 
Cavendish subgroup (genome AAA) (Figure 20). Because individual Musa species, subspecies, and 
edible clones differ in the presence of large chromosome translocations, we applied oligo painting 
FISH to verify the genome organization of this accession, following the protocol of Šimoníková 
et al. (2019). 
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Briefly, sets of 20,000 oligomers (45 nt) covering individual chromosome arms were synthesized 
and labelled either directly with CY5 or Texas Red fluorochromes or indirectly via digoxigenin or 
biotin. Mitotic metaphase chromosome spreads were prepared from actively growing root tips 
and hybridized with the oligonucleotide probes. Digoxigenin- and biotin-labelled probes were 
detected using anti-digoxigenin–FITC and streptavidin–Cy3, respectively. Images of metaphase 
spreads were captured with a fluorescence microscope, and final image processing and idiogram 
construction were performed in Adobe Photoshop. The analysis revealed a chromosome 
organization typical of the Cavendish subgroup (Figure 21), thus confirming the SSR genotyping 
results. 

 

Figure 21. Chromosome translocations identified by oligo-painting FISH on mitotic metaphase chromosomes of the 
triploid accession 'Zanzebar' (ITC1471) (A) Ideogram of 'Zanzebar' with translocations specific for the Cavendish 
subgroup. (B) Oligo-painting FISH with probes specific for short arm of chromosome 7 (red) and long arm of 
chromosome 1 (green). (C) Oligo-painting FISH with probes specific for short and long arm of chromosome 3 (blue and 
red respectively) and short and long arm of chromosome 8 (green and magenta respectively). Chromosomes were 
counterstained with DAPI (light grey pseudo-colour). Arrows point to chromosomes with translocation. Bars = 5 µm. 

Conclusions 

As we look to the future, the integration of DNA barcoding, reduced representation sequencing, 
and cytogenomic methods will continue to drive innovation in genomic research. These 
technologies offer unprecedented opportunities to explore the complexities of the genome, from 
understanding species diversity to uncovering the genetic basis of important traits (Christelová et 
al., 2017). The ongoing refinement of these methodologies will undoubtedly lead to new 
discoveries and applications, particularly in areas such as agriculture, where the need for 
sustainable and resilient crops is more pressing than ever. By leveraging the power of genomics, 
we can address some of the most critical challenges facing our world today, from food security to 
biodiversity conservation. 
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The integration of DNA barcoding, reduced representation sequencing, and cytogenomic 
methods represents a significant advancement in our ability to understand and manipulate the 
genome. These tools have not only enhanced our capacity to classify and identify species but have 
also provided deep insights into the genetic basis of important traits in plants, animals, and other 
organisms. As these technologies continue to evolve, they will undoubtedly play a critical role in 
addressing some of the most pressing challenges facing our world today, from food security to 
biodiversity conservation. The future of genomic research lies in the continued refinement and 
integration of these methodologies, which will allow us to explore the complexities of the genome 
with unprecedented detail and accuracy. 

Integrating cytogenomic data with resequencing efforts enhances our understanding of genome 
organization and function. For instance, combining WGRS with ATAC-Seq or ChIP-Seq can reveal 
how genetic variants affect chromatin structure and gene regulation. This integrated approach is 
particularly valuable in identifying regulatory variants that contribute to complex traits in crops, 
ultimately guiding more effective breeding strategies. 

The refinement and demonstration of DNA barcoding, reduced representation sequencing, and 
cytogenomic methods represent significant advancements in genomic research. These 
technologies have not only enhanced our ability to identify and classify species but have also 
provided deep insights into the genetic basis of important traits in plants and other organisms. 
The future of these fields lies in the integration of various genomic techniques, which will allow 
for a more comprehensive understanding of genome function and evolution, ultimately 
contributing to advancements in agriculture, conservation, and biodiversity research. 

Deviations 
None. 
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